The effect of solutes, water activity (a w , 0.890-0.980) and temperature (5-25 8C) on the mycelial growth rate of Penicillium expansum was evaluated. The growth rate dropped as the temperature and a w of the medium decreased. NaCl was the solute causing the greatest growth rate reduction, followed by glucose, glycerol and sorbitol. Statistical analysis of the results showed a significant effect of solute, a w , temperature and combinations of two or three of these factors ( P b 0.0001). Whatever the solutes and a w values, the initiation of colony growth required an additional day at 15 8C and 5 8C as compared to initiation at 25 8C. Growth models based on the results obtained with sorbitol and glycerol differed only slightly, with R 2 values of 97.00% and 97.95%, respectively. The response surfaces of both quadratic polynomial models showed that P. expansum should be able to grow at low a w (0.890) and that growth at 25 8C should be fastest at a w values ranging from 0.960 to 0.980. Both models presented a good fit between predicted and observed values. D
Introduction
Penicillium expansum, responsible for blue mould, causes severe decay of apples and pears during refrigerated storage. Infection of fresh tissue occurs through wounds on fruits but also through some natural openings such as lenticels (Bondoux, 1992; Rosenberger, 1990) . P. expansum can attack fruit on trees but also during and after harvest, during transit and storage in packinghouses. At these stages, apples and pears may undergo various environmental conditions that favour the development of this pathogen. Water availability (water activity, a w ) and temperature are the major abiotic parameters determining the potential for germination and growth of propagules on the fruit surface (Magan and Lacey, 1988; Plaza et al., 2003) . The optimal a w for most decays caused by fungi ranges from 0.96 to 0.98, although some fungi can grow at a lower a w (Gervais et al., 1988a,b) .
Studies of how the a w affects the growth rate of Penicillium species show that P. digitatum is unable to grow at an a w lower than 0.90 (Lacey, 1989) . A more recent din vitroT study has shown that at low temperature, germination and growth of three major postharvest citrus pathogens (P. digitatum, P. italicum and Geotrichum candidum) are markedly influenced by environmental conditions such as temperature and water activity (Plaza et al., 2003) . P. italicum was found to germinate and grow faster than P. digitatum and G. candidum, particularly at 0.95 a w . In addition, P. italicum was able to germinate and grow under the driest conditions studied (a w = 0.87), while G. candidum failed to germinate below a w = 0.95. For P. italicum and P. digitatum, the highest growth rates were observed din vitroT at temperatures ranging from 10 8C to 25 8C. Growth generally stops beyond 30 8C (Loussert, 1985) . How water activity and temperature affect the growth rate of P. expansum has not been studied.
Many mathematical models contribute to predicting the influence of both of these factors and their interactions on the growth of microorganisms that degrade processed food (McMeekin et al., 1993 (McMeekin et al., , 2002 , but predictive modelling of filamentous fungal growth has not received the same attention as bacterial growth modelling. This may be due to the inherent complexity of fungal growth quantification (Gibson and Hocking, 1997) .
The study of the combined effects of temperature and a w can contribute to understanding the population dynamics of P. expansum and the initiation of apple and pear fruit infection by this fungus. The main objectives of the present study were to determine din vitroT the influence of solutes, a w , temperature and their interactions on the growth rate of P. expansum and to construct models of its growth in relation to a w and temperature.
Materials and methods

Microorganism
P. expansum (strain vs2) was isolated from decayed apple fruits (Unité de Phytopathologie, FUSAGx, Belgium). The strain was placed in tubes containing Potato Dextrose Agar (PDA; Merck KGaA 64271 Darmstadt, Germany) medium and covered with 10 ml paraffin oil for long-term storage. In experiments, the initial inoculum was taken from cultures on PDA medium in Petri dishes preserved at 4 8C for no more than 6 months.
Medium
The basic medium used was PDA with an a w of 0.995. The a w was modified by addition of increasing amounts of glycerol, sorbitol, glucose or NaCl (Teixidõ et al., 1998a) 
Preparation of the mycelium inoculum
A 10-day-old colony culture of P. expansum grown on PDA was used to obtain spore suspensions in sterile distilled water containing 0.05% Tween 80. Spore suspensions were adjusted to 1 Â10 7 spores/ml using a Bqrker cell. Aliquots (0.5 ml) of this suspension were spread over Petri dishes containing PDA medium. The Petri dishes were maintained at 25 8C for 24 h to obtain a mycelial layer. The myceliumbearing PDA was cut with a cork borer into discs (0.5 cm in diameter). Each disc was transferred to the centre of a plate containing a test medium. After inoculation, the Petri plates were sealed in polyethylene bags to prevent water loss and incubated at 5, 15 or 25 8C for a maximum of 25 days. The preservation of water content in media was checked by a w measurement of inoculated Petri dishes after 25 days at each temperature. The radius of each growing mycelial colony was measured daily in two directions at right angles to each other (Marin et al., 1996) without opening the Petri dishes. Three replicates were used per solute-a w -temperature combination.
The radial growth rate (mm day À 1 ) for each a w , solute and temperature combination was obtained from linear regression slopes of the temporal growth curves.
Statistical analysis
Growth rates were subjected to the general linear model (GLM) procedure of the Statistical Analysis System (SAS Institute, Cary, NC). Statistical significance was judged at the P b 0.05 level. When analysis revealed statistically significant differences, Duncan's multiple range test for separation of means was performed.
Experimental design
Response surface methodology (RSM) with a 3 k factorial design was applied with the STATGRAPHICS Plus version 3 statistical software. Temperature (25, 15 and 5 8C) and a w (0.980, 0.930 and 0.890) were investigated ( Table 2 ). Data modelling was done by multiple regression analysis. The design contains 9 experiments with three replicates. The response surface was obtained for growth rate. A second-order polynomial model was defined to fit the response:
where Y cance of coefficients ( P b 0.05). Interactions between two factors could appear as an antagonistic effect (negative coefficient) or a synergistic effect (positive coefficient). Comparisons between models were based on coefficient R 2 values.
Results
3.1. Effects of solute, water activity and temperature on growth rate Fig. 1a shows the growth rate (mm day À 1 ) of P. expansum at 25 8C on PDA medium supplemented with various solutes used to adjust the a w . In general, the growth rate decreased as the a w of the medium decreased. The growth rate was highest at a w = 0.980 whatever the solute. In the presence of added sorbitol, glucose or glycerol, P. expansum was able to grow at a w values down to 0.890. In the presence of added NaCl, growth stopped at a w = 0.930.
At 15 8C, initiation of colony growth required an additional day as compared to initiation at 25 8C. Despite this, the growth rate was only slightly lower at 15 8C than at 25 8C (Fig. 1b) . At a w = 0.980, the growth rate was highest on PDA supplemented with glucose, sorbitol or glycerol. Growth again slowed down as the a w decreased. the presence of added NaCl and at 0.890 in the presence of added glucose. On PDA supplemented with sorbitol or glycerol, P. expansum was able to grow at all a w values tested. At 5 8C, growth stopped at 0.890 a w (glycerol, sorbitol) or 0.910 (NaCl, glucose) (Fig. 1c) . Growth rates were much lower than at 25 8C and 15 8C, being approximately halved as compared to growth at these temperatures at the same a w in the presence of the same solute. Initiation of colony growth again occurred 1 day later at 5 8C than at 25 8C.
Statistical analysis of the data, based on variance analysis with three criteria, provided evidence of highly significant effects ( P b 0.0001) of a w , solutes, incubation temperature and interactions thereof on the growth rate of P. expansum (Table 1 ). Duncan's multiple range analysis confirmed a significantly higher growth rate at 0.995 (control) and 0.980 a w , than under any other conditions tested, whatever the solute used to adjust the a w of medium (Fig. 2a) . Concerning the incubation temperature, a similar test revealed three statistically homogenous groups, one for each temperature (Fig. 2c) . Growth was fastest at 25 8C: 1.95 mm day À 1 as compared to 1.86 mm day À 1 at 15 8C and 0.92 mm day À 1 at 5 8C. Finally, the test revealed five distinct groups for the influence of solutes (Fig. 2b) . The growth rate was highest on the unmodified medium (3.11 mm day À 1 ), reduced in the presence of added sorbitol (1.95 mm day À 1 ) or glycerol (1.70 mm day À 1 ), and reduced more strongly when NaCl (0.93 mm day À 1 ) or glucose (1.40 mm day À 1 ) was added.
Modelling the growth rate of P. expansum
The modelling data used were those concerning the solutes glycerol and sorbitol, whose effect on the growth rate of P. expansum appeared to be lesser than that of NaCl and glucose.
The average growth rates obtained with the model under the various conditions are reported in Table 2 . Except for a w = 0.890 at 15 8C, no great difference was observed between the observed values and those predicted by the sorbitol model. This model predicts slight growth at a w = 0.890 at 5 8C, while the glycerol model does not. The glycerol model, in The coded values (X i ) were calculated from experimental values (U i ) using formula: X i ={2U i À (U max + U min )} / (U max À U min )} where X i is the coded value ranged between À1 (U min ) and +1 (U max ), and U i the experimental values. The intermediate values for temperature and a w were calculated using this formula. contrast, generally yielded values higher than the observed values. To determine the conditions for growth of P. expansum, response surfaces showing the predicted effects of a w and temperature were drawn from both established equation models (Fig. 3) . For both models, the response surface showed a growth rate very sensitive to the a w of the medium and to the incubation temperature. Growth was predicted to be faster at an a w ranging from 0.960 to 0.980, whatever the temperature tested. The highest growth rate was observed at 25 8C.
The results of multiple regression analysis, which provided the estimates of the model coefficients, are listed in Table 3 . Coefficient R 2 values were equal to 97.95 and 97.00 for the glycerol and sorbitol models, respectively. In both models, all coefficients were highly significant ( P b 0.0001), except for coefficient b 22 (quadratic effect of a w ). For b 22 , the P values were 0.67 and 0.07 for the glycerol and sorbitol model, respectively. The higher the absolute value of a linear coefficient (b 1 or b 2 ), the greater the influence of the corresponding factor (temperature or a w ) on the growth rate. Thus, in all cases, the influence of a w was greater than that of temperature. In both models, a w and temperature had a positive linear effect on the growth rate of P. expansum. Whatever the constructed models, temperature and a w had respectively a negative quadratic effect and positive quadratic effect.
Discussion
In this work, we have modelled, for the first time, the growth rate of P. expansum according to temper- ature and a w , two major factors affecting fungal growth. The aim was to understand the population dynamics of this pathogenic fungus in order to develop more rational strategies of disease control.
The results show that, on PDA medium supplemented or not with various solutes used to alter the water activity of the medium, P. expansum grows best at temperatures from 15 to 25 8C and at an a w ranging from 0.960 to 0.980. At low temperature (5 8C), P. expansum can grow at a low a w (0.890), depending on the solute used to reach this a w . Similar studies have been carried out on other Penicillium species. Plaza et al. (2003) report that P. italicum can germinate and grow at a w = 0.870, 25 8C. Gock et al. (2003) have shown that P. roqueforti can germinate at a w = 0.820, 25 8C. Growth of P. chrysogenum was minimal at 25 8C at a w values ranging from 0.780 to 0.810 (Hocking and Pitt, 1979; Sautour et al., 2001a) .
The choice of solute used to modify the water activity of a medium has a significant impact on the growth rate of the yeast Candida sake (Teixidõ et al., 1998a,b) . Our study likewise shows that sorbitol and glycerol have a lesser effect on the growth rate of P. expansum than NaCl and glucose.
The need to ensure the microbiological safety and quality of food products has stimulated interest in the use of mathematical models for quantifying and predicting microbial behaviour. Most predictive models have been developed for pathogenic bacteria. The main problem has been the difficulty of acquiring sufficient reproducible data, suitable for modelling (Buchanan, 1993; Gibson and Hocking, 1997 ). Here we have modelled the combined effects of temperature and a w on the P. expansum growth rate. The data obtained with both sorbitol and glycerol were modelled by means of the quadratic polynomial model. The difference between the two models was slight, except at a w = 0.890 where P. expansum shows slower growth in the sorbitol model. This difference may be due to the error on our a w estimates on PDA medium or to the variability of our experimental results. R 2 values show that a w and temperature account for 98% of the growth-rate variation observed in the glycerol model and 97% of that observed in the sorbitol model (Box and Draper, 1987) . Similar models have been established for other food spoilage pathogens such as Rhizopus oligosporus NRRL 2710 (Sparringa et al., 2002) and P. chrysogenum (Sautour et al., 2001a,b; El-Halouat and Debevere, 1997) . The results of our study are in accordance with those of Sautour et al. (2001a) , who report no significant difference between a glycerol and a sorbitol model based on germination of P. chrysogenum and show that a w has a greater effect on germination than temperature.
Both models established here provide better understanding of the development of apple decay caused by P. expansum. They give a better idea of the epidemiology and behaviour of this pathogen with respect to temperature and a w within the ranges studied here. Yet extrapolation of these models to natural situations is hazardous, because other factors such as pH, nutrient availability and interactions with other microorganisms at the surface of the fruit could change the behaviour of this pathogen. For this reason, further studies are needed to develop experimental protocols for evaluating the effect of a w and temperature on the P. expansum growth rate on the fruit surface and to validate both models din vivoT. Implementation of these results should contribute to elaborating a more rational control strategy against blue mould on apple and pear fruits.
